Background: Various types of orthodontic appliances can lead to speech difficulties. However, speech difficulties caused by orthodontic appliances have not been sufficiently investigated by an evidence-based method. Objectives: The aim of this study is to outline the scientific evidence and mechanism of the speech difficulties caused by orthodontic appliances. Search methods and selection criteria: Randomized-controlled clinical trials (RCT), controlled clinical trials, and cohort studies focusing on the effect of orthodontic appliances on speech were included. A systematic search was conducted by an electronic search in PubMed, EMBASE, and the Cochrane Library databases, complemented by a manual search. Data collection and analysis: The types of orthodontic appliances, the affected sounds, and duration period of the speech disturbances were extracted. The ROBINS-I tool was applied to evaluate the quality of non-randomized studies, and the bias of RCT was assessed based on the Cochrane Handbook for Systematic Reviews of Interventions. No meta-analyses could be performed due to the heterogeneity in the study designs and treatment modalities. Results: Among 448 screened articles, 13 studies were included (n = 297 patients). Different types of orthodontic appliances such as fixed appliances, orthodontic retainers and palatal expanders could influence the clarity of speech. The /i/, /a/, and /e/ vowels as well as /s/, /z/, /l/, /t/, /d/, /r/, and /ʃ/ consonants could be distorted by appliances. Although most speech impairments could return to normal within weeks, speech distortion of the /s/ sound might last for more than 3 months. The low evidence level grading and heterogeneity were the two main limitations in this systematic review. Conclusions: Lingual fixed appliances, palatal expanders, and Hawley retainers have an evident influence on speech production. The /i/, /s/, /t/, and /d/ sounds are the primarily affected ones. The results of this systematic review should be interpreted with caution and more high-quality RCTs with larger sample sizes and longer follow-up periods are needed. Registration: The protocol for this systematic review (CRD42017056573) was registered in the International Prospective Register of Systematic Reviews (PROSPERO).
Introduction
An increasing number of patients seek orthodontic treatment because malocclusion has a significant effect on their quality of life. The discomfort of orthodontic treatment has a negative effect on patient compliance (1) . Among the adverse effects of orthodontic treatment, speech difficulty is one of the major complications (2, 3) . Apart from the original speech problems caused by malocclusion, orthodontic appliances can also lead to speech disturbances because they are European Journal of Orthodontics, 2018, 29-36 doi:10.1093/ejo/cjx023 Advance Access publication 3 May 2017 a foreign body in the oral cavity. Specifically, orthodontic appliances often fit against the palate and the surface of the teeth, which affects the movement of the tongue and the space of the oral cavity, resulting in the distortion of some specific sounds (4) . In addition, it has been reported that various types of orthodontic appliances such as labial and lingual fixed appliances (5-7), tongue thrusts (8, 9) , palatal expanders (10, 11) , and Hawley retainers (12) (13) (14) may influence speech clarity.
Investigations into the effect of orthodontic appliances on speech are meaningful, as they can help orthodontists understand the mechanisms underlying these speech distortions, and can allow them to objectively counsel their patients about the associated speech difficulties and find appropriate solutions to these problems. In a recent review, Doshi et al. (15) summarized the correlation between speech defect and orthodontics, which included the effect of orthodontic appliances on speech distortion, but an electronic systematic literature search was not conducted, and therefore, the included studies might be deficient. Additionally, some systematic reviews (2, 3, 16) focusing on the comparison of adverse effects between lingual and labial orthodontic treatment have been also conducted, and the results suggested that patients with lingual appliances had more speech difficulties. However, to the best of our knowledge, speech difficulties caused by different types of orthodontic appliances such as fixed appliances (5-7), removable appliances (8) (9) (10) , and orthodontic retainers (4, 12, 13) have not been sufficiently summarized by an evidence-based method. Therefore, the objective of this systematic literature review is to outline the scientific evidence and mechanism of the speech difficulties caused by orthodontic appliances and to offer clinical recommendations for clinicians and researchers.
Materials and methods

Protocol and registration
This systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. The protocol for this systematic review was registered in the International Prospective Register of Systematic Reviews (PROSPERO) (http: //www.crd.york.ac.uk/PROSPERO/) (registration number: CRD42017056573).
PICOS question
On the basis of Participants, Interventions, Comparisons, Outcomes, and Study design (PICOS), the focus question that guided this systematic review was: How do orthodontic appliances affect speech performance of patients? Specifically, 'Participants' included patients with malocclusion during orthodontic or retention treatment; 'Interventions' were orthodontic appliances (fixed orthodontic appliances, removable orthodontic appliances, and retainers) during the orthodontic or retention treatment. No control or comparison was selected. 'Outcomes' were the speech impairments caused by orthodontic appliances, including the distorted vowels and consonants as well as the duration period of speech distortions. 'Study design' included randomized-controlled clinical trials (RCTs), controlled clinical trials (CCTs), and cohort studies.
Information sources and literature search
The literature search was independently conducted by two researches (J.W, J.C) in duplicate, and any disagreement was resolved by consensus between the authors. An electronic systematic literature search in PubMed, EMBASE, Cochrane Database of Systematic Reviews (CDSR), and Cochrane Central Register of Controlled Trials (CENTRAL) databases was conducted for articles in English based on clinical human studies in February 2017. No time filter was used. The detailed search terms and strategy are presented in Table 1 . To identify 'gray' literature, we searched ClinicalTrials.gov and the National Research Register (UK) for ongoing clinical studies and registries using the following text words: 'speech' AND 'orthodontic*'; we also searched the ProQuest Dissertation Abstracts and Thesis database for related dissertations, and the Index to Scientific & Technical Proceedings (ISTP) database for conference proceedings; in addition, some other online resources such as the System for Information on Gray Literature in Europe database (SIGLE), National Technical Information Service (NITS), and GrayLIT Network databases were also searched. The electronic search was complemented by a manual search of bibliographies from full-text articles and related reviews.
Study selection
Study selection was conducted by two independent reviewers (J.W, J.C) in duplicate. The initial scanning of the titles and abstracts was performed, and studies were eliminated if they did not meet the inclusion and exclusion criteria. Then, the full texts of qualified articles were retrieved for independent assessment. Agreement between the two reviewers was assessed by the kappa statistic, and any disagreement was resolved by consensus through discussion or by a third reviewer (L.Y). The inclusion and exclusion criteria are presented as follows. 
Inclusion criteria
Data collection
The data were independently extracted by two reviewers (J.W, J.C) according to the aims of the present systematic literature review. And disagreement regarding data extraction was resolved by consensus with a third reviewer (L.Y).
Data items
Basic information from the studies was extracted using a purposedesigned data collection form and included the author, year of publication, study design, sample size, drop-out rate, mean age, and types of orthodontic appliances. Clinical outcomes of the speech difficulties were collected, which included the types of distorted vowels and consonants, the changes in phonetic parameters, and duration period of the speech disturbances. Additionally, the speech assessment methods including objective evaluations or subjective evaluations in the included studies were also carefully extracted.
Assessment of risk of bias of the studies
The bias and quality of the included non-randomized studies were evaluated by the ROBINS-I tool (Risk Of Bias In Non-randomized Studies-of Interventions) (17) . According to ROBINS-I, the studies were judged as having 'low', 'moderate', 'serious', 'critical', or 'unclear' risk of bias. The bias of the RCT was assessed based on the Cochrane Handbook for Systematic Reviews of Interventions (18) .
Synthesis of results
Relevant data of interest on the previously stated variables were collected and organized into tables to present the study and patient characteristics of the included studies as well as the influences of different types of appliances on speech.
Statistical analysis
No meta-analyses could be performed due to the heterogeneity in the study designs and treatment modalities.
Results
Included studies
Initial searches using MeSH terms and text words resulted in 436 potential studies, and in a 'gray' literature search, another 12 articles were obtained. From the 448 articles, 13 studies focusing on the effect of orthodontic appliances on speech production were included in this systematic literature review. The kappa value of reviewer agreement on study selection was 0.81, which could be considered to reflect excellent agreement according to the Cochrane Handbook for Systematic Reviews of Interventions (18) . The process for selecting studies is presented in Figure 1 . The patient and study characteristics of the included studies are shown in Table 2 . Among the included studies, three were RCTs, two were CCTs, and eight were prospective cohort studies. These included studies reported on 13 different cohorts, including 297 patients with various types of orthodontic appliances. Among these 13 studies, 7 investigated the effect of fixed orthodontic appliances on speech, 4 investigated the influence of orthodontic retainers on speech, 1 investigated the effect of palatal expanders on speech, and 1 examined speech impairments caused by removable functional appliances. The quality of the included studies is shown in Tables 3 and 4 . According to the ROBINS-I risk of bias assessment, four studies (5, 7, 11, 23) were found to have moderate risk of bias, five studies (19) (20) (21) (22) 25) were judged to have serious risk of bias and one study (4) was found to have critical risk of bias (equal to the most severe level of bias found in any domain (17) ( Table 3 ). Of the included RCTs, one was considered to have a low risk of bias (13), and two studies (12, 19) were judged to have an unclear risk of bias (for one or more key domains) ( Table 4) .
Speech disturbance and orthodontic appliances
Fixed appliance
To investigate the speech distortions, an objective evaluation with digital sonagraphy (10, 11, 13, 26) , a semi-objective evaluation by speech professionals (5) (6) (7) 23) , and a subjective evaluation by patients themselves or laypersons (5-7, 21-23, 27-29) were routinely conducted. Of the included studies, four studies reported the comparison of speech performance with labial and lingual orthodontic appliances, indicating that speech difficulties caused by lingual appliances were significantly severer (5) (6) (7) 21) .
Labial fixed appliances could lead to a slight impact on speech and most of the speech recovery was reported to occur within 1 month (5) (6) (7) 27 ). Vowels such as /i/, /u/, and /a/ (5) and consonants such as /s/ (5-7, 19), /t/ (19), /f/ (19), and /l/ (5, 19) were the primarily affected ones ( Table 5 ). The labial appliances could cause a significant decrease in the upper boundary frequency of the /s/ sound immediately after insertion. Additionally, in two of the five included studies on labial appliances, it was reported that the speech disturbances caused by labial appliances could last for more than 1 month (19, 21) .
Lingual fixed appliances could cause a significant deterioration in speech immediately after insertion (2-7, 15, 16, 22, 23, 30) , and some speech difficulties could last for more than 3 months (6, 23, 27) , especially for the distortion of /s/ sound. Vowels such as /i/, /a/, and /o/ (5) and consonants such as /s/ (5-7, 22, 23), /t/ (5, 28), /l/ (5, 7), /r/ (5), and /d/ (5, 7) were those most affected by lingual appliances (Table 5 ). The recovery of speech distortions occurred between 1 week (5) and 1 month (5, 7, 21) or even more than 3 months (6, 23, 27) .
Orthodontic retainer
Both Hawley retainers and vacuum-formed retainers could lead to speech difficulties (4, 12, 13, 20) , and speech disturbances caused by Hawley retainers were more obvious and could last for a longer period (12, 13) . The studies on the effect of retainers on speech Low: 'comparable to a well-performed randomized trial'. Moderate: 'sound for a non-randomized study' but not comparable to a rigorous randomized trial. Serious: presence of 'important problems'. Critical: 'too problematic … to provide any useful evidence on the effects of intervention'. [?]: insufficient information provided to determine risk of bias. Overall risk of bias: equal to the most severe level of bias found in any domain. production are presented in Table 6 . Hawley retainers often caused speech impairments of /s/, /z/, /t/, /d/, /i/, /ʒ/, /θ/, and /ʃ/ sounds (4, 12, 13, 20) , and vacuum-formed retainers could cause apparent changes of /e/, /i:/, /θ/, /s/, and /ʃ/ sounds (12, 13) . The recovery of speech distortions in the vacuum-formed retainer group occurred within 1 week, while the speech distortion of /s/ sound caused by Hawley retainers sound could last for 3 months (13).
Functional appliances
The severity of the speech distortion might be related to the extension of the resin base of removable appliances (15, 24) . The clinical studies on the effect of removable appliances on speech production are limited (24, 25, 30, 31) , and only 1 study met the inclusion criteria (Table 6 ). Sergl and Zentner (24) investigated the acceptance of eight different types of removable functional appliances and found that an activator with a large resin base and extensive interocclusal opening could lead to severe speech impairments.
Palatal expanders are applied to widen the maxillary arch, and the effect of palatal expanders on speech is presented in Table 6 . Palatal expanders could affect the alveolar sounds such as /s/, /z/, /t/, and /d/ (10, 11), and the affected articulation could not be returned to baseline until the removal of appliances (11) .
Discussion
Mechanism of speech disturbances caused by orthodontic appliances
Labial fixed appliances
In 1956, Feldman (32) reported that speech errors could be caused immediately after labial fixed appliance insertion, but that they could be resolved within weeks. Because the placement of labial appliances can lead to a direct interaction between the labial brackets and the lips as well as the anterior teeth, altered touch perception (5), pain, and tension of articulators (6, 33) may cause speech distortions during the early stage of use. Additionally, the irregularity in the anterior region of the mouth can result in tongue protrusion (19) , which can affect the articulation of the /s/ sound (34) . The results of these included studies indicate that the duration of the speech distortion caused by labial appliances is diverse. The difference may be attributed to the different adaptation ability that stems from diverse severity of malocclusion (19, 35) and individual neural equilibrium (19, 36) . Moreover, it should also be noted that the transpalatal appliances and lingual auxiliaries used in combination with labial appliances may be the main reason for a high degree of speech distortion, which can be confirmed by the findings of studies conducted by Rai et al. (5, 6, 27) .
Lingual fixed appliance
Since the introduction of lingual fixed appliances by Fujita (37) , the clinical application of lingual orthodontic treatment has increased due to advantages such as improved aesthetics, reduced risk of caries, and smaller anchorage loss (38, 39) . However, patients with lingual appliances may also experience difficulties in maintaining oral hygiene, pain in tongue, and speech disturbances (16, 40) . Compared with labial appliances, lingual appliances induced increased speech difficulty, and this was confirmed by several systematic reviews (2, 3, 16, 41).
Runte et al. (42) reported that the fricative sound could be affected when maxillary incisors were tipped 30° palatally. Similarly, when the brackets were placed on the lingual surface of the anterior teeth, the morphologies of the lingual tooth surface and the second articulation zone were altered, resulting in speech disturbances (5, 6). Therefore, speech problems induced by lingual appliances may be closely related to the bracket designs (22, 43) and orthodontic systems (6, 23) . Lower-profile customized brackets with reduced thickness and rounded hooks can produce less speech impairment and tongue soreness (22) . Additionally, tongue discomfort induced by lingual appliances is another important cause of speech distortion. After the insertion of lingual appliances, the contact area of the tongue can be shifted further palatally, subsequently inducing the distortions of some consonants such as alveolar sounds and palatal sounds, which require tongue movement (2, 5). Sinclair et al. (44) reported that the noise frequency band of consonants could be decreased as the tongue encountered unfamiliar lingual appliances, eventually reducing the overall intensity of consonants. Moreover, the physical thickness of the appliances and the spaces between the lingual brackets can allow an uncontrolled escape of air (43) , which leads to difficulties in creating a seal when pronouncing certain consonants such as /t/, /d/, and /j/. With regard to vowels, the lingual appliances may lower the tongue volume and influence co-articulation during vowel production (5).
Orthodontic retainer
An orthodontic retainer is routinely used for 6-12 months after orthodontic treatment to avoid soft and hard tissue remodeling (45) .
In the long term, although the retention effect is an important issue, practitioners should also aware that the comfort and acceptability of the retainers can greatly improve patient compliance. Orthodontic retainers often fit against the surfaces of the teeth, lingual mucosa and palate (12) , and can affect the space of the oral cavity and movement of the tongue because they are foreign bodies (4), leading to speech impairments of several vowels and consonants. First, some types of retainers such as the vacuum-formed retainer cover the occlusal surface of teeth and increase the vertical dimension between the maxillary and mandibular teeth, causing speech distortion of the /s/ sound (13) . Secondly, the acrylic base of retainers often covers the lingual surface of the incisors and palate (4), and thus, alveolar consonants such as /s/ and /t/ and palatal consonants such as /j/ can be affected. Therefore, the thickness of the base plate and the extent of the acrylic coverage appear to be important factors underlying speech difficulties (4, 20, 46) . Erb et al. (46) concluded that thin retainers roughened in the anterior alveolar region could produce the lowest occurrence of speech distortions. Thirdly, retainers may reduce the dimensions of the oral cavity, thus altering the vocal tract during articulation (4, 20) . Additionally, the tongue position may retrude to a backward and low position when the tongue reaches the base plate of a retainer; this position renders a shorter vocal tract (20) , an increase in the F1 frequency (13, 20) and a decrease in the F2 frequency of vowels such as the /i/ sound (13) .
Other orthodontic appliances
Both orthodontic and prosthetic dental appliances can cause speech impairments (15) . As observed with the placement of dentures, removable orthodontic appliances can also alter the intraoral space (15, 30) , disturbing tongue movement during speech production (41) . The severity of the speech distortion is related to the extension of the resin base of removable appliances (24) . Sergl and Zentner (24) investigated the acceptance of eight different types of removable functional appliances and found that an activator with a large resin base and extensive interocclusal opening could lead to severe speech impairments. A palatal expander is a large appliance placed on the palate; it is obstructive and can limit the movement of the tongue (11) . Additionally, the presence of a palatal expander can affect the constriction and airflow properties of the oral cavity, resulting in the distortion of some fricative consonants (11, 47) . Moreover, it is important to note that although the expanders have a negative effect on articulation, the patient's speech may be improved after the palatal expander is removed, probably due to the increased palatal width (11, 48) . In addition, tongue thrusts can cause anterior contact on the palate of the tongue during the pronunciation of consonants, which results in speech impairments (8, 9) .
It has been reported that Invisalign ® therapy can offer aesthetically demanding patients an alternative to the lingual orthodontic treatment (49, 50) . Nedwed et al. (49) reported that 52 per cent of patients with Invisalign ® experienced slight speech impairments. To the best of our knowledge, there has not been any related study conducting an objective evaluation of speech function caused by Invisalign ® therapy, which merits further related studies.
Speech assessment
The evaluation of speech disturbances is a complicated process.
To investigate speech distortions, objective evaluations using sonographic techniques, semi-objective evaluations by speech pathologists or professionals, and subjective evaluations by laypersons or patients themselves can be routinely conducted. Because speech changes are actually detected by our auditory senses in daily life, it is rational and necessary to use semi-objective or subjective evaluations, which can be easily conducted by humans. The use of objective methodology is a sophisticated technique to accurately evaluate the changes in the phonetic parameters. From the results of previous studies (5, 11) , the duration of speech disturbances detected by the sonographic method can last for a longer term than that detected with semi-objective and subjective evaluations. Additionally, objective evaluation can not only verify the speech distortions reported by semi-objective and subjective evaluations but also detect some consonants such as /ʃ/, /θ/, and /f/ sounds that cannot be easily identified by human hearing (11, 13) . Therefore, the combination of objective, semi-objective and subjective methods is recommended to minimize bias during speech evaluation. However, of the 13 included studies, only 3 studies (5, 7, 22) applied the combination of objective, semi-objective and subjective evaluations, and 5 studies (4, 19, 21, 22, 24) did not use objective methods to evaluate the affected sounds and phonetic parameters. The heterogeneity in the methods of speech evaluation among the included studies could increase detection bias, which might potentially influence the magnitude of the observed effects. Additionally, studies that only used subjective evaluations might cause related misinterpretations due to the different levels of individual experience and professional knowledge.
Limitations
The low evidence level grading and heterogeneity were the two main limitations in this systematic review. Specifically, as there was a lack of available RCTs, most of the included studies were nonrandomized studies. Of the 10 included non-randomized studies, 6 studies (4, 19, 22, 25) were found to have serious or critical risk of bias, due to confoundings and bias in measurement of outcomes. Of the three included RCTs, two studies (12, 19) had an unclear risk of bias due to the uncertainty of random sequence generation and allocation concealment. Additionally, because of the heterogeneity in the assessment methods and detected sounds, it was difficult to extract the same affected sound and phonetic measurements from the clinical outcomes among the included studies, and hence, meta-analyses could not be performed in this review.
Some other limitations should also be considered in this systematic review. For instance, abstracts of studies published in other languages were not followed up, which might lead to selection bias. Additionally, the total number of participants included in this study was relatively low (188 patients with fixed appliances; 77 patients with orthodontic retainers; 32 patients with functional appliances). Furthermore, it was reported that the speech distortion of the /s/ sounds could last for more than 3 months (6, 13, 23, 27) . Because most of the included studies followed patients for 3 months or less, it should be noted that the results of this review might be presented as short-term effects.
Overall, this systematic review can help orthodontists to realize the speech difficulties caused by orthodontic appliances and understand the mechanisms underlying these speech distortions, which would allow them to objectively counsel their patients about the affected sounds and likely duration periods according to different types of appliances. However, when interpreting the results of this review, it should be noted that the evidence level is relatively weak and there are some inherent limitations in this systematic review. More high-quality RCTs with larger sample sizes and longer followup periods (more than 3 months) are needed.
Recommendations
Recommendations for clinicians
According to the quality of the included studies and the limitations in this systematic review, there may be insufficient evidence at present to make robust clinical recommendations. From this review, the clinical recommendations are summarized as follows: 1. Prior to orthodontic treatment, patients should be forewarned about speech problems that may be induced by orthodontic appliances. Advice regarding the adaptation time should also be given; 2. Orthodontists should advise the patients to speak more slowly and to accept some speech distortions during the period of adaptation; and 3. Orthodontists should closely evaluate the phonetic function of the patients during treatment. In some cases, speech therapy under the instruction of speech pathologists may be effective when the patients have ongoing and severe difficulties with speech.
Recommendations for researchers
Based on this review, the recommendations for researchers are summarized as follows: 1. The combination of objective, semi-objective and subjective assessment methods is recommended to minimize detection bias during speech evaluation; 2. More high-quality studies, especially in the form of RCTs, with larger sample sizes and longer follow-up periods (more than 3 months) are required; and 3. When conducting speech evaluation, susceptible vowels such as /i/ and /a/ as well as consonants such as /s/, /z/, /t/, and /d/ are recommended to be involved.
Conclusions
Various types of orthodontic appliances such as labial and lingual fixed appliances, palatal expanders and orthodontic retainers can lead to speech difficulties. Speech difficulties caused by lingual appliances were more serious compared with those by labial appliances, and speech disturbance caused by Hawley retainers were more obvious compared with vacuum-formed retainers. The /i/ vowels and /s/, /t/, and /d/ consonants comprised the majority of affected sounds. Although most of the speech impairments could return to normal within weeks, speech distortion of the /s/ sound caused by lingual fixed appliances and Hawley retainers might last for more than 3 months. Due to the limitations in this systematic review, the results should be interpreted with caution and more high-quality RCTs with larger sample sizes and longer follow-up periods are needed to make a robust comparison between different orthodontic appliances.
